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This  study  examines  the  effects  of  the  addition  of  Mn  and  LmNi4.1Alo.25Mno.3Coo.65  (Lm:  lanthanum- 
rich  mischmetal)  alloy  on  the  electrochemical  characteristics  of  body  centered  cubic  (BCC)  type 
Tio.32Cr0.43_xMnxV0.25  (x  =  0-0.08)  alloys  as  negative  electrode  (anode)  materials  for  nickel-metal-hydride 
(Ni-MH)  batteries.  The  activation  behaviour  and  discharge  capacity  of  the  BCC  alloys  are  improved  signifi¬ 
cantly  by  ball-milling  with  LmNi4.i  Alo.25  Mn0.3  Coo.65  alloy  because  this  AB5  alloy  acts  as  a  path  for  hydrogen 
on  the  surface  of  the  BCC  alloy.  Among  the  Mn-substituted  alloys,  a  Tio.32Cro.3sMno.05Vo.25  alloy  ball-milled 
with  the  AB5  alloy  yields  the  greatest  discharge  capacity  of  340  mAh  g-1.  In  addition,  compared  with 
the  alloy  without  Mn,  the  Mn-substituted  alloys  exhibit  a  lower  plateau  pressure  for  hydrogen,  a  better 
hydrogen-storage  capacity  in  the  pressure-composition  isotherms  and  faster  surface  activation. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  hybrid  electric  vehicle  (HEV)  uses  both  an  internal  combus¬ 
tion  engine  and  a  secondary  battery,  and  has  considerably  better 
fuel  economy  than  conventional  internal  combustion  engines. 
Recently,  the  HEV  has  become  increasingly  popular  due  to 
the  recent  high  price  of  oil.  Consequently,  there  is  increased 
demand  for  nickel-metal-hydride  (Ni-MH)  secondary  batteries  for 
HEVS.  In  addition,  the  market  for  industrial,  high  capacity,  sec¬ 
ondary  batteries  is  rapidly  changing  from  traditional  lead-acid  or 
nickel-cadmium  batteries  to  the  environmentally  friendly  Ni-MH 
battery. 

LaNi5  (AB5)  hydrogen-storage  alloys  are  currently  used  as  neg¬ 
ative  electrode  (anode)  materials  for  Ni-MH  batteries.  There  have, 
however,  been  continuous  efforts  to  enhance  the  electrode  charac¬ 
teristics  of  AB5  alloys  and  to  use  new,  high-performance  versions 
for  anode  materials  [1-16]. 

Body  centered  cubic  (BCC)  Ti  or  V  based  alloys  have  an  effective 
hydrogen-storage  capacity  of  more  than  2  wt.%,  and  show  a  proper 
plateau  pressure  in  the  pressure-composition  (P-C)  isotherm  curve 
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for  the  absorption  and  desorption  of  hydrogen,  which  is  suitable  for 
their  use  as  an  anode  material  in  Ni-MH  batteries  [17-21].  Never¬ 
theless,  BCC  type  Ti  or  V  based  alloys  are  barely  activated  during 
charging  due  to  the  formation  of  a  dense  oxide  film  on  the  alloys  in 
an  alkaline  solution,  and  have  a  low  catalytic  activity  for  the  charge- 
transfer  reaction  [21,22].  Consequently,  the  discharge  capacity  of 
these  alloys  is  generally  much  lower  than  the  respective  theoretical 
values.  Thus,  further  improvement  in  the  discharge  capacity  of  the 
alloys  is  needed  for  their  practical  application  in  Ni-MH  batteries. 
Tsukahara  et  al.  [23-25]  recently  reported  that  the  electrode  char¬ 
acteristics  of  V-based  solid-solution  alloys  could  be  significantly 
improved  by  the  formation  of  a  TiNi  network  as  a  catalyst  and/or 
current-collector  in  the  alloys. 

The  aim  of  this  study  is  to  improve  the  discharge  capacity 
and  surface  activation  of  Ti0.32Cr0.43V0.25  alloys  of  the  BCC  type 
by  substituting  Mn  for  Cr  and  ball-milling  with  the  more  active 
LmNi44Alo.25Mno.3Coo.65  (Lm:  lanthanum-rich  mischmetal)  AB5 
type  ailoy. 

2.  Experimental 

Based  on  the  composition  of  Ti0.32Cr0.43V0.25,  Mn  was  par¬ 
tially  substituted  for  Cr  in  the  alloy.  The  compositions  of  the 
Mn-substituted  alloys  used  in  the  study  were  Ti0.32Cr0.4Mn0.03V0.25, 
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Ti0.32Cr0.38Mn0.05V0.25  and  Ti0.32Cr0.35Mn0.08V0.25-  An  AB5  type 
alloy  of  LmNi4.i  Alo.25  Mn0.3  Co0.65  was  also  used  for  ball-milling  with 
the  Ti-Cr-V  alloys.  Each  alloy  was  melted  in  a  vacuum  arc  furnace 
and  prepared  as  a  40  g  ingot.  The  alloys  were  then  crushed  to  a 
100-325  mesh  powder. 

A  mixture  of  the  BCC  and  AB5  alloy  powders  was  ball-milled  for 
20  min  in  a  mode  of  ‘8’  type  rotation.  A  65  cm3  stainless  steel  jar 
and  7/32  in.  stainless  balls  were  used  in  the  ball-milling  process. 
The  ratio  of  the  mixed  alloy  powder  to  crush  balls  and  the  AB5  to 
BCC  alloy  ratio  in  the  mixed  powder  was  1:14  and  1:5,  respectively. 
All  processes  for  ball-milling  were  carried  out  in  an  inert  argon 
atmosphere. 

The  pressure-composition  (P-C)  isotherms  were  measured  at 
303 1<  using  approximately  1  g  of  the  powder,  which  had  with  a 
particle  size  ranging  from  100  to  300  [xm,  in  a  Sivert  type  hydro¬ 
gen  reactor.  In  addition,  X-ray  diffraction  (XRD),  scanning  electron 
microscopy  (SEM)  and  energy  dispersive  spectroscopy  were  used 
to  observe  the  structure,  morphology  and  chemical  composition  of 
the  alloys,  respectively. 

Paste-type  electrodes  were  fabricated  by  mixing  the  alloy  pow¬ 
der,  hydroxyl  propyl  methyl  cellulose  (HPMC),  a  503H  binder  and 
carbon  black,  and  then  pasting  the  resultant  slurry  on  to  a  foamed 
nickel  gauze.  The  resulting  coated  gauze  was  then  dried  and  cut 
into  20  mm  x  20  mm  sections. 

Electrochemical  measurements  were  carried  out  using  a  cell 
that  consisted  of  an  alloy  electrode,  a  Pt  counter  electrode  and  an 
Hg/HgO  reference  electrode  in  a  6  M  KOH  electrolyte.  The  hydrogen- 
storage  capacity  of  the  BCC  Ti-based  alloys  was  approximately 
2  wt.%,  which  corresponds  to  500  mAh  g-1  for  the  electrode.  There¬ 
fore,  the  electrodes  were  charged  for  10  h  at  50  mA,  and  were 
maintained  for  5  min  in  an  open-circuit  condition  after  each  charg¬ 
ing  and  discharging  step.  The  cut-off  voltage  for  discharge  was 
-650  mV  versus  Hg/HgO. 

The  potentiodynamic  polarization  tests  were  carried  out  at  a 
scan  rate  of  1  mV  s-1  to  determine  the  effects  of  Mn  substitution 
for  Cr  on  the  chemical  stability  of  the  alloy.  In  addition,  the  electro¬ 
chemical  impedance  spectrum  (EIS)  of  the  alloys  was  analyzed. 


3.  Results  and  discussion 

3.1  Effect  of  ball-milling  on  crystal  structure  of  alloy  powders 

Fig.  1  shows  the  XRD  patterns  for  the  Ti0.32Cr0.43_xMnxV0.25 
(x  =  0.03-0.08)  alloys,  where  Mn  is  partially  substituted  for  Cr, 
and  for  the  LmNi41  Alo.25  Mno.3Coo.65  alloy  before  and  after  ball¬ 
milling.  Before  ball-milling,  the  former  (BCC)  alloys  and  the  latter 
(AB5)  alloy  show  a  BCC  and  a  CaCu5  structure,  respectively.  By 
contrast,  peaks  corresponding  to  the  AB5  alloy  in  the  XRD  pat¬ 
terns  of  the  BCC  and  AB5  type  alloy  mixture  disappear  after 
ball-milling.  The  significant  weakening  of  the  peaks  corresponding 
to  LmNi43Alo.25Mno.3Coo.65  alloy  suggests  that  its  particles  become 
ultrafine  by  ball-milling  for  20  min.  In  our  previous  work  [26],  the 
calculated  average  particle  size  of  LmNi4.i  Alo.25  Mno.3Coo.65  alloy 
in  a  mixture  of  Ti0.32Cr0.43V0.25  alloy  and  LmNi41  Alo.25  Mno.3Coo.65 
alloy  after  ball-milling  for  20  min  was  about  15  nm. 
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Fig.  1.  XRD  patterns  of  Tio.32Cro.43_xMnxV0.25  (x  =  0-0.08)  alloys  and 
LmNi4.i  Alo.25  Mno.3Coo.65  alloy  before  and  after  ball-milling. 


3.2.  Effect  of  ball-milling  on  surface  morphology  of  the  mixed 
alloy  powder 

Fig.  2  shows  the  back-scattered  electron  (BSE)  image  and  EDS 
spectrum  of  the  surface  of  the  mixed  powder  of  Tio.32Cro.43  V0.25  and 
LmNi43Alo.25Mno.3Coo.65  alloys  after  ball-milling.  From  EDS  analy¬ 
sis,  the  bright  (A)  and  dark  areas  (B)  corresponds  to  the  AB5  and  the 
BCC  alloy,  respectively.  This  suggests  that  the  AB5  alloy  exists  on 
part  of  the  surface  of  the  BCC  alloy  after  ball-milling.  The  AB5  alloy 
layer  on  the  surface  of  the  BCC  alloy  may  act  as  a  path  for  the  absorp¬ 
tion  and  desorption  of  hydrogen,  and  contribute  to  improving  the 
surface  activation  of  the  electrode. 


3.3.  Effect  ofMn  on  absorption  and  desorption  of  hydrogen 

Pressure-composition  (P-C)  isotherms  of  the  BCC  Tio.32Cro.43_x 
MnxV0.25  (x  =  0.3 -0.8)  and  AB5  LmNi41  Alo.25  Mno.3Coo.65  alloys 
before  ball-milling  are  presented  in  Fig.  3.  The  maximum  and 
effective  hydrogen  capacity  are  defined  as  the  amount  of  hydro¬ 
gen  adsorbed  at  a  hydrogen  pressure  of  5.0  MPa  and  the  amount 
of  hydrogen  desorbed  from  5.0  to  0.02  MPa,  respectively.  In 
addition,  the  theoretical  discharge  capacity  is  calculated  using 


Table  1 

Maximum  and  effective  hydrogen  capacity  and  theoretical  discharge  capacity  of  Tio.32Cr0.43_xMnxVo.25  (x  =  0-0.08)  and  LmNi4.i  Alo.25 Mno.3Coo.65  alloys 
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Fig.  2.  BSE  images  and  EDS  spectra  of  surfaces  of  mixed  powders  of  Ti0.32Cr0.43V0.25 
and  LmNi44Alo.25Mno.3Coo.65  alloys  after  ball-milling  for  20  min. 


Fig.  4.  Effect  of  addition  of  Mn  on  discharge  capacity  of  Ti0.32Cr0.43-xMnxV0.25 
(x  =  0-0.08)  alloys. 


Eq.  (1)  [27]: 

Cth  ~  F  360%)  (mAhg_1)  0) 

where  Cth  is  the  theoretical  discharge  capacity,  F  the  Faraday  con¬ 
stant  and  wt.%  is  the  effective  hydrogen  capacity.  The  results  are 
listed  in  Table  1 .  The  actual  discharge  capacity  of  the  alloy  is  gen¬ 
erally  lower  than  the  theoretical  value. 

For  the  Mn- substituted  alloys,  the  plateau  pressure  is  lower  and 
the  effective  hydrogen  capacity  is  higher  than  the  Ti0.32Cr0.43V0.25 
alloy  without  Mn.  This  suggests  that  the  absorption  and  desorption 
of  hydrogen  in  the  alloys  becomes  easier  on  the  addition  of  Mn. 

3.4.  Effect  of  addition  ofMn  and  AB5  type  alloy  on  discharge 
capacity  of  alloy  electrodes 

The  discharge  capacities  of  the  BCC  Ti0.32Cr0.43_xMnxV0.25 
(x  =  0-0.08)  alloys  are  given  in  Fig.  4.  The  alloys  deliver  a  much  lower 
discharge  capacity  than  the  theoretical  values  presented  in  Table  1 . 
This  is  because  a  Ti-  or  V-rich  oxide  can  be  formed  on  the  surface 
of  BCC  alloys,  which  can  inhibit  the  absorption  of  hydrogen  during 
charging  [21,22]. 

The  discharge  capacity  of  the  BCC  Ti0.32Cr0.43_xMnxV0.25 
(x  =  0-0.08)  alloys  ball-milled  with  20  wt.%  AB5  LmNi4iAlo.25Mno.3 
alloy  are  shown  in  Fig.  5.  The  capacity  increases  significantly  by  ball¬ 
milling  with  the  AB5  alloy.  Furthermore,  among  the  Mn-substituted 
alloys,  the  Ti0.32Cr0.38Mn0.05V0.25  alloy  exhibits  the  greatest  dis- 


Fig.  3.  P-C  isotherms  of  Tio.32Cro.43-xMrixVo.25  (x  =  0-0.08)  alloys  and 
LmNi44Alo.25Mno.3Coo.65  alloy. 


Fig.  5.  Effect  of  addition  of  Mn  and  LmNi44Alo.25Mno.3Coo.65  alloy  on  discharge 
capacity  of  Ti0.32Cr0.43-xMnxV0.25  (x  =  0-0.08)  alloys. 
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charge  capacity  of  340  mAh  g-1.  This  suggests  that  the  surface  of 
the  BCC  alloys  can  be  activated  easily  by  ball-milling,  whereby  AB5 
alloy  particles  are  embedded  in  the  BCC  alloys  and  act  as  a  path  for 
hydrogen  penetration.  Furthermore,  for  the  Mn-substituted  alloys, 
the  discharge  capacity  is  larger  and  the  activation  is  faster  than 
for  the  Ti0.32Cr0.43V0.25  alloy.  This  also  suggests  that  Mn  can  facili¬ 
tate  surface  activation  of  the  alloy  by  inducing  pulverization  of  the 
alloy  particles.  Nevertheless,  the  Mn-substituted  alloys,  in  which 
the  more  active  Mn  partially  substitutes  for  the  Cr  (which  enhances 
corrosion  resistance  of  the  alloy),  give  a  poorer  cycle-life  than  the 
Ti0.32Cr0.43V0.25  alloy. 


3.5.  Effect  ofMn  and  AB5  type  alloy  on  electrochemical 
characteristics  of  alloys 

Fig.  6  shows  the  influence  of  Mn  substitution  and  ball-milling 
with  the  AB5  LmNi4iiAlo.25Mn0.3  alloy  on  the  electrochemical 
impedance  plots  for  the  Ti0.32Cr0.43_xMnxV0.25  (x  =  0-0.08)  alloys. 
The  AB5  LmNi4.iAlo.25Mno.3  alloy  exhibits  the  smallest  semicircle, 
while  the  BCC  Ti0.32Cr0.43V0.25  alloy  gives  the  largest.  The  diame¬ 
ter  of  the  semicircle  measured  from  the  impedance  plot  represents 
the  charge-transfer  resistance  {Rc t)  of  the  electrode.  The  smaller 
Rct  reflects  an  easier  electrochemical  charge-transfer  reaction  on 
the  electrode  surface.  The  electrochemical  activation  of  the  BCC 
Ti0.32Cr0.43V0.25  alloy  barely  proceeds  because  a  Ti  or  V  oxide  layer 
can  form  on  the  alloy  and  inhibits  hydrogen  absorption  through 
the  surface  [21,22].  For  the  Mn-substituted  alloys,  the  magnitude 
of  the  impedance  follows  in  the  order  of  Mn  content  (0.05%,  0.03% 
and  0.08%).  This  is  also  coincident  with  the  fact  that  the  discharge 
capacity  of  the  Mn-substituted  alloys  is  larger  than  that  of  the 
Ti0.32Cr0.43V0.25  alloy. 

Potentiodynamic  curves  of  the  Ti0.32Cr0.43_xMnxV0.25  alloys  are 
presented  in  Fig.  7.  Generally,  in  the  potentiodynamic  curve  for  a 
passive  metal,  a  lower  passive  current  density  indicates  that  the 
passive  film  provides  better  protection  of  the  alloy  and  higher 
corrosion  resistance.  The  passive  current  for  the  alloys  containing 
0.03%,  0.05%  and  0.08%  Mn  is  higher  than  for  the  alloy  without  Mn. 
This  suggests  that  the  passive  film  on  a  Mn-substituted  alloy  is  less 
stable  than  that  of  the  alloy  without  Mn,  and  the  Mn-substituted 
alloys  can  be  activated  easily.  Flowever,  it  also  indicates  that  the 
Mn-substituted  alloys  have  poorer  corrosion  resistance  and  lower 
cycle-life  when  used  as  an  electrode  for  a  long  period  of  time.  This 
hypothesis  is  confirmed  by  the  observation  that  the  Mn-substituted 
alloys  have  a  poorer  cycle-life  than  the  alloy  without  Mn,  as  shown 
in  Fig.  5. 


Fig.  6.  Effect  of  addition  of  Mn  and  LmNi4.i  Alo.25  Mn0.3  C00.65  alloy  on  electrochemical 
impedance  plots  of  Tio.32Cr0.43-xMnxV0.32  (x  =  0-0.08)  alloys. 


Fig.  7.  Effect  of  Mn  on  potentiodynamic  curves  ofTio.32Cr0.43_xMnxVo.25  (x  =  0-0.08) 
alloys. 


4.  Conclusions 

The  discharge  capacity  of  the  BCC  Ti0.32Cr0.43_xMnxV0.25  alloys 
(x  =  0-0.08)  without  ball-milling  with  the  AB5  alloy  is  much  lower 
than  the  theoretical  capacity.  After  ball-milling  with  the  AB5  alloy, 
the  discharge  capacity  is  improved  significantly  because  particles 
of  the  AB5  alloy  on  the  surface  of  the  alloys  act  as  a  path  for  hydro¬ 
gen  penetration.  The  discharge  capacities  of  the  Mn-substituted 
alloys  are  higher  than  that  of  the  alloy  without  Mn.  In  particular,  the 
Ti0.32Cr0.38Mn0.05V0.25  alloy  delivers  an  excellent  discharge  capac¬ 
ity  of  340mAhg_1.  On  the  other  hand,  the  cycle-life  of  the  alloy 
is  degraded  by  the  substitution  of  Mn  for  Cr  due  to  the  lower  Cr 
concentration.  With  the  addition  of  Mn,  the  plateau  pressure  for 
hydrogen  is  lowered  and  the  hydrogen-storage  capacity  of  the  alloy 
is  increased,  thereby  facilitating  surface  activation  of  the  electrode. 
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